Molecular dynamics simulation studies of pure water and those with either an additional lithium or iodide ion near a liquid mercury surface are presented. The mercury{water, mercury{mercury, mercury{alkali ion, and mercury{halide ion potentials developed recently are introduced. The structure of the interfaces is described by density pro les and radial distribution functions. The spectral densities of the hindered translational motions of water and of both ions, parallel and perpendicular to the surface, are analysed. The simulation results are compared with experimental data of liquid mercury and its liquid{vapour interface.
Introduction
In this presentation we review the results of Molecular Dynamics (MD) simulations of the electrolyte solution{liquid mercury interface achieved so far. In a preceding paper 1] we reported on MD simulations of a rigid mercury{ water interface, introducing a mercury{water potential based on the adsorption energy of a water molecule at a mercury cluster 2]. In order to extend these investigations to a liquid mercury{water interface a mercury{mercury potential was recently developed 3], which describes adequately di erent properties of pure liquid mercury. The atomic densities resulting from the simulations of the interface 4] are in good agreement with the data from an x-ray re ectivity study of the mercury liquid{vapour interface 5]. Additional structural and dynamical properties of the mercury{water interface are analysed.
The mercury{ion potentials for alkali and halide ions were parameterized from ab initio calculations of ion{mercury clusters 6] . Results of MD simulations of the liquid mercury{aqueous solution interface with either one lithium or one iodide ion concern, besides the density pro les of the ions, the in uence of the liquid mercury surface on the hydration shell structure of the ions, their in uence on the rst mercury layer, and the spectral densities of the hindered translational motions of the ions, parallel and perpendicular to the surface 7] .
The paper is organized in the following way. The mercury{mercury pair potential, the mercury{water potential, and the mercury{ion potentials are described in Sec. 2.. The simulation procedures are outlined in Sec. 3.. The 18 J.B ocker, G.T oth, K.Heinzinger structure of the liquid mercury{pure water interface is discussed in terms of the atomic density pro les perpendicular to the interface and the radial distribution functions for di erent water and mercury layers in Secs. 4.1. and 4.2., respectively. The rearrangement in both the water and the metal phase induced by an iodide or a lithium ion is discussed in Sec. 4.3.. The dynamical properties of water and the two ions are analysed in Sec. 5.. Finally, the simulation results are summarized in Sec. 6..
Interaction potentials 2.1. Mercury{mercury potential
The model pseudopotential method 8] was employed to obtain the mercury{ mercury pair potential. The total potential, which describes the e ective interaction between two mercury ions, is given by a sum of an indirect and a direct part V Hg?Hg (r) = V ind (r) + V dir (r):
The potential of indirect interaction between two metal ions, V ind (r), induced by free electrons, is given in the theory of metals 8, 9] by the following equations V ind (r) = The following notations are introduced in equations (2.2{2.7): w(q) is the form factor of a bare pseudopotential, q the wave vector, (q) the static dielectric function, and Q (q) and Q 0 (q) are the polarisation operators of the interacting and ideal free electrons, respectively. The local eld function G(q) takes into account the correlation e ects in the electron subsystem, z is the mercury ion valency and the volume per ion. The Geldart{Vosko (2.12) yielded the best t to the ab initio data, where the energies are given in units of kJ/mol and the distances in A. The total energy of one water molecule above an in nitely extended rhombohedral mercury surface was calculated for di erent relative positions. The rhombohedral con guration was found to be a good model for describing the structure of pure liquid mercury 11]. In gure 2 the top, bridge, and hollow sites on a mercury surface are de ned. In gure 3a the potential energy between one water molecule and the rhombohedral mercury surface is shown as a function of the oxygen{surface distance z for the three sites. The water dipole moment is pointing away from the surface. The top site is the energetically most favourable position. The experimental adsorption enthalpy of ?29 kJ/mol 12] agrees qualitatively with our result. The total energy was also calculated for di erent dipole moment orientations. In gure 3b the potential energy is shown for the top site with the dipole moment pointing away, parallel, and towards the surface. The parallel orientation is further distinguished by the hydrogen{hydrogen vector being parallel (parallel a) or perpendicular (parallel b) to the surface. The energy minimum is found for an orientation with the dipole moment pointing away from the surface. The energetically most unfavourable situation occurs for an orientation with the dipole moment pointing towards the surface. The same order is found for the bridge and hollow positions.
The overall behaviour of the mercury{water potential is similar to the platinum{water potential discussed in Ref. 13 ]. The parameterized potential for Hg{O and Hg{H was employed in an MD simulation of water near a solid mercury surface 1].
Mercury{ion potentials
All mercury{ion interactions were derived from molecular orbital calculations of one ion and a mercury cluster, consisting of either nine or ten atoms 6]. The clusters are shown in gure 2 together with a schematic representation of the di erent binding sites. Except for the lithium ion, the interaction potentials are described by the following equations 3. Details of the simulations 3.1. Liquid mercury{pure water simulation
The interface simulation was started from a con guration where the basic periodic boxes from a pure mercury and a pure water simulation were combined at a distance of 3 A, which is approximately the position of the potential minimum for the water{mercury interaction. During the equilibration period the dimensions of the combined box were changed until the average density at the center of the water as well as of the mercury phase showed the density of the pure liquids. The basic box contained 750 wa- During the equilibration time of 120 ps we applied temporarily the constant temperature method according to Kast et al. 16] . This method was incorporated into the Adams{Bashford predictor{corrector algorithm 17].
The NV E ensemble without any velocity rescaling was employed during the last 45 ps. The chosen time step of 0.1 fs yielded a relative standard deviation in the total energy of about 1:1 10 ?4 for 10 ps. The last 40 ps were used to analyse the properties of the interface. The average temperature was 299 K.
Simulations with ions
Two molecular dynamics simulations were performed with ions in the NV T The forces were integrated by the fth order predictor{corrector scheme of Gear. The time step was 0.2 fs. The temperature was held constant at 298 K by the thermostat of Nos e 19]. Image charge interactions 20] were calculated between the ion image and the water molecules. The other possible image charge interactions were neglected. All interaction potentials were modi ed using the shifted force method with a cuto distance of half of the shortest sidelength of the basic box.
An equilibrated liquid mercury{pure water system was used as the starting con guration. The ions were placed in the middle of the water phase. The equilibration of the systems took about 160 ps. The I ? moved towards the interface during the rst 20 ps and then remained in the adsorbed water layer. The Li + stabilized between the third and the fourth water layer for an intermediate time of 60 ps. Afterwards, also this ion moved to the interface and remained there. The production runs extended over about 120 ps.
Structure of the interfaces 4.1. Density pro les of the liquid mercury{liquid water interface
The relative density pro les of oxygen, hydrogen, and mercury atoms perpendicular to the mercury surface are displayed in gure 5. The instantaneous average of the z coordinates of the mercury atoms in the mercury layer next to the water phase is used to de ne z = 0. The results for the two interfaces are averaged. Both the oxygen and the hydrogen density pro les show two pronounced maxima and a small, third one, indicating a strong layering of water molecules with enhanced densities up to about 8 A. The rst, well pronounced oxygen peak with a maximum at 3.0 A contains 73 1 water molecules. The rst, strong hydrogen peak at 2.9 A almost coincides with the position of the oxygen one. The small shoulder at 4.0 A consists of hydrogen atoms which belong to the rst adsorbed water layer. These maxima indicate that most water molecules are orientated parallel to the mercury surface, except the ones forming the shoulder at 4.0 A with an orientation where one hydrogen atom points away from the surface. A second maximum in the oxygen density pro le is located at 5.8 A. The density pro le of the hydrogen atoms of the second adsorbed water layer is slightly split into a maxima at 6.1 A and a plateau at 4.9 A. Further analyses show that the hydrogen atoms belonging to the shoulder at 4.0 A form hydrogen bonds to the oxygen atoms of the second adsorbed water layer and that the hydrogen atoms belonging to the plateau at 4.9 A form hydrogen bonds to the oxygen atoms of the rst adsorbed water layer. measure of the mercury density in the center of the mercury phase. This value indicates that the bulk density of mercury is slightly higher than that of pure liquid mercury. The number of mercury atoms in the rst layer near the water phase is 72 1, whereas the number of the other layers is always 67 1. These numbers correspond to relative densities of 1.08 for the rst layer and 1.01 for the consecutive layers. Therefore, only the rst layer exhibits an increased density, whereas the other layers reveal an average density of nearly that of pure liquid mercury. The number of mercury atoms in the rst layer is almost identical with the one of oxygen atoms in its rst layer, implying that each mercury atom adsorbs one water molecule.
It is interesting to compare the mercury density pro le with the one resulting from a recently performed x-ray re ectivity study of the mercury liquid{vapour interface 5]. The authors state that their results provide the only conclusive experimental proof of surface layering in liquid metals to date. The electron density pro le of the liquid phase reveals an oscillation length of 2:76 0:20 A from the second layer onwards, which is in excellent agreement with our ndings of 2:62 0:04 A. Also their relative densities of the di erent layers are very similar to our results. The values are 1:09 0:12 and 1:08 0:02 of the rst layer and 1:00 0:04 and 1:01 0:02 of the other layers, for the x-ray and the MD study, respectively. The rst layer of the liquid mercury phase near the vapour phase is much broader 5] compared to the rst layer of the mercury phase near the water phase. Another di erence between our study and the x-ray one is that a faster decay of the mercury density is observed in the mercury liquid{vapour interface. Obviously, these two di erences have to be attributed to the ordering e ect of the water phase into the mercury phase.
Radial distribution functions at the liquid mercury{liquid water interface
The Therefore, the short range structure of water even in the adsorbed layer mainly reveals the structure of bulk water, obviously to keep the hydrogen bonds.
The g O?O (r) for the rst layer exhibits a signi cantly di erent behaviour in the long range order compared to bulk water, which is visible in the maxima at 5.7, 8.7, and 11.1 A. These maxima re ect the structural arrangement of the rst mercury layer, which reveals further maxima at 5.8, 8.6, and 11.3 A. The corresponding maxima for pure mercury are at similar positions of 5.8, 8.4, and 11.0 A 3]. Overall, the structure of the adsorbed water layer reveals a compromise between keeping the liquid water structure and matching the mercury structure. Further analyses of the directly adsorbed water layer show that most oxygen atoms are located nearly on top of a mercury atom. This position is energetically the most favourable one.
Structure of the interface containing ions
In gure 7 the relative densities of the oxygen, hydrogen, and mercury atoms and those of the ions { Li + or I ? { are shown as a function of the distance from the metal surface on an expanded scale. The positions of the maxima of the density pro les for the two ions almost coincide with those of the oxygen and hydrogen atoms at about 3 A, but for di erent reasons. The distance of the lithium ion from the surface is solely determined by the Li + {water interaction. In the I ? case the ion{metal interaction is responsible for the position of the ion. This is manifested by the total potential energy of the ions, where in the Li + case about 50% belongs to the ion{water interaction while the rest has to be attributed to the ion{metal interaction. For the I ? only about 10% results from the ion{water interaction. This situation is very similar to that of the Li + and I ? near the Pt(100) surface 15]. There, it was proposed to call the iodide ion contact adsorbed as the ion{ metal potential minimum determines the distance of the I ? from the surface, while the Li + was not considered contact adsorbed because the Li + {water interaction determines the distance of the ion from the surface, although in both cases no water molecule is found between the ion and the metal surface. The ion{oxygen, ion{hydrogen, and ion{mercury RDFs are presented in gure 8 together with the running integration numbers. Both ion{oxygen and ion{hydrogen RDFs are very similar to those in a bulk solution. They are di erent from those at the Pt(100) surface, where a strongly xed platinum surface forms a more rigid water layer, which in turn induces longer ranging RDFs 15] . In addition, we show in gure 9 the projections of the trajectories of the surface layer mercury atoms and those of the ions onto the xy plane over a time period of 3 ps, chosen arbitrarily from the total simulation time. The trajectories are presented by indicating the x and y values of each particle by a dot after every 0.05 ps. The mobile rst layer mercury atoms at the liquid mercury surface (see gure 9) adjust in such a way that the ions can keep the hydration structure in the water phase as it exists in the bulk solution. The surface only e ects the hydration numbers of the ions by its excluded volume e ect. Thus the Li + looses that one of its octahedrally arranged nearest neighbour water molecules which would 31 be expected between the ion and the mercury surface, just as in the case of the Pt(100) surface. The number of nearest neighbour water molecules around the I ? is reduced in this way to about half of its bulk value. The rst hydration shell of the I ? shows no symmetry, as in the bulk solution 15].
In the calculations of the ion{mercury RDFs only the rst layer mercury atoms are included in order to get information on the structure of the surface layer not disturbed by contributions from inner layers. Both RDFs show signi cantly broader rst maxima and a farther ranging structural order than the ion{O and ion{H ones. A longer range order in the ion{mercury RDFs is recognized by strongly pronounced second and third maxima and minima. This long range order is less pronounced for the I ? because of its larger surface mobility compared with the Li + (see gure 9).
In order to understand the ion{mercury RDFs and their relationship with the ion density pro les presented in gure 7 we have calculated the average value of the di erence in the distances z( ) = hz ion ? z Hg ( )i between the z value of the ion and that of a mercury atom in the surface layer for a given value of (equation 2.12). The result is shown in gure 10. The fourfold hollow site preferentially occupied by Li + results from the fact that the oxygen atoms on top of the exible mercury atoms can adjust easily to a distance of 4 A, the diagonal distance between two mercury atoms in a quadratic arrangement which is very favourable for a Li + {oxygen rst neighbour distance of 2 A in the bulk. The I ? cannot occupy a fourfold hollow site because then the four neighbouring mercury atoms would have to be free from water molecules because of the size of the ion, which would be energetically very unfavourable. Therefore, a bridge site is preferentially occupied with only two mercury atoms without water molecules on top ( gure 9). The resulting ion positions are quite similar to those in the boundary layer of the Pt(100) surface. Although the structures of the two surfaces are quite di erent the exibility of the liquid mercury surface allows the ions to overcome the structural di erences.
Dynamical results
In order to investigate the hindered translational motions the velocity autocorrelation functions (ACFs) are calculated from the simulations according to
j (t i ) ṽ j (t i + t); (5.1) where N denotes the number of particles, N T the number of time averages, andṽ j (t) the velocity of particle j at time t. The power spectra are obtained from these ACFs by Fourier transformation. Di erent from isotropic bulk systems the ACFs of the particles in the lamella are functions of the angle between the velocity vector and the normal vector. Therefore, they are calculated separately for the motions parallel and perpendicular to the surface. In gure 11 the power spectra of water for di erent layers and di erent motions relative to the surface are shown. The rst water layer is signi cantly di erent for both motions compared to bulk water, whereas the second layer already reveals features similar to bulk water. The principal maximum at 125 cm ?1 for the motions perpendicular to the surface is attributed to the mercury{oxygen stretching frequency. This value can also be obtained from the force constant of the harmonic oscillator, calculated from the r dependent mercury{water potential energy curve. The contributions from the O{O{O bending and O{O stretching motions in bulk water (assigned to the maximum at 50 cm ?1 and the shoulder at 200 cm ?1 , respectively) almost disappear at the expense of the mercury{water interactions. The shoulder at 25 cm ?1 is similar to the mercury{mercury stretching frequency, found at 20 cm ?1 for pure liquid mercury 3]. A blue shift, from 50 to 80 cm ?1 , is also visible in the motion of the water molecules parallel to the surface. This indicates that the surface layer is less mobile than bulk water. The power spectra of the Li + and the I ? in the adsorbed layer are depicted in gure 12. The motions of the Li + in the boundary layer parallel and perpendicular to the metal surface are quite di erent from those in the isotropic solution, where the maximum is found at about 400 cm ? 1 22] . The frequencies of the hindered translational motions parallel to the surface show a strong blueshift. This re ects the enhanced Li + {water interactions as a result of the reduced water mobility, which is a consequence of the formation of the water overlayer. The motions of the Li + perpendicular to the surface are characterized by a shift of the main peak in the spectral density to lower frequencies. This is a consequence of the greater mobility of the Li + because of the missing water molecule between the ion and the surface. The positions of the maxima in the spectral densities of the hindered translational motions of the I ? di er only slightly for the motions parallel and perpendicular to the surface. These di erences are hardly outside the limits of the statistical uncertainty of the calculations. Both are similar to that in the bulk solution, found at about 35 cm ? 1 Figure 12 . Normalized spectral densities of the hindered translational motions of the lithium and the iodide ions in the boundary layer of the liquid mercury interface calculated separately for the motions parallel (full) and perpendicular (dashed) to the surface.
Summary
The mercury{water, mercury{mercury, mercury{alkali ion, and mercury{ halide ion potentials developed recently are summarized. Molecular dy-35 namics simulation studies of pure water and those with either an additional lithium or iodide ion near a liquid mercury surface are presented. The resulting mercury density pro le reveals very long oscillations and the water density pro le is in uenced by the metal surface up to a distance of about 8 A. The bulk densities of both mercury and water are almost identical with the ones of the pure liquids. The electron density of the liquid mercury phase, obtained by an x-ray re ectivity study of the mercury liquid{vapour interface, shows an oscillation length in excellent agreement with our ndings. Also, the densities of the di erent layers resulting from the simulations are con rmed by the experiment. Only the adsorbed water layer is signicantly di erent in both structure and dynamics compared with pure water. The structure of the adsorbed water layer reveals a compromise between keeping the short range liquid water structure and matching the long range mercury structure. The hindered translational motions of water perpendicular and parallel to the surface indicate that the adsorbed water layer is less mobile than bulk water.
The exibility of the mercury phase due to the mercury{mercury potential allows us to analyse the rearrangement induced by either an iodide or a lithium ion in both the water and the metal phase. Both ions adsorb at the mercury surface. The hydration shell structure of the ions is not signi cantly altered by the mercury surface. The analyses of the hindered translational motions indicate that the lithium ion is less mobile parallel to the surface and more mobile perpendicular to the surface compared to a bulk solution. The iodide ion shows similar dynamics at the interface as in a bulk solution.
